The paper deals with the development of a physical method for tomographic imaging of the dielectric objects in the microwave region, specifically, in upper X and lower Ku ranges. To test the proposed method an experimental setup has been made. The principal elements of the setup are 6 receive antennas and 2 masses of transmitters including 256 transmitting elements which operate at 32 frequencies of the microwave range between 8 and 18 GHz. Tested dielectric samples were made of wax and polyvinylchloride with known dimensions and permittivity values. The performed experiments demonstrated both the possibility of tomographic imaging and of permittivity determination in principle, and some disadvantages related to imperfections in the experimental setup. To improve the experimental setup we plan to rig some additional receive antennas and to optimize the arrangement of the principal elements.
Introduction
The first studies on tomographic imaging were dedicated to solving a number of medical problems and appeared in the 1960s. At that time the principal source of analyzed information was the data obtained when measuring the level of radiation absorbed by an object in the X-ray wavelength range [2] . The experiments measured the one-or two-dimensional distributions of the absorbed X-ray radiation for various orientations of the studied object with respect to the direction of radiation propagation. The measured distributions for each orientation formed a set of tomographic projections which were then used to calculate the spatial ✩ Peer review under responsibility of St. Petersburg Polytechnic
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distribution of the absorptance (optical density) of the material by the Radon inverse transform. The obtained distribution was analyzed using computer technology and visualization tools. A patients health status was then determined from the results of the analysis. The advances in developing the methods of nuclear magnetic resonance (NMR) have paved the way for creating a new technique of obtaining tomographic projection sets. Unlike X-ray tomography which measures the absorptance of materials, the new technique measures the density of hydrogen atoms that are a part of the composition of most biological tissues. The main advantage of the new method is the lack of ionizing radiation restricting the use of X-ray tomography because of its negative effect on human health.
Later the progress in X-ray and NMR tomographies, as well as a breakthrough in creating powerful computing and visualization systems, kick started the development of tomography using other spectral ranges. The microwave region was of principal interest. At the same time, the main research direction still involved solving applied medical problems [4, 5] of determining the spatial distribution of dielectric permittivity in tissues transparent enough for radiation of the selected region of the microwave range. These are, mainly, bone and fat tissues.
The goal of this study is to develop a physical method of tomographically imaging dielectric objects in the microwave wavelength range, in particular, in the upper Xand the lower Ku-ranges.
Designing the microwave tomography method
The proposed method involves measuring and subsequently calculating the spatial distribution of optical elongation density. The obtained distribution is then used to find a permittivity distribution. An experimental setup shown in Fig. 1 was assembled to develop the proposed method.
The key elements of the experimental setup are six receive antennas 3 and two transmitter arrays 4 including 256 transmitting elements working on 32 frequencies of the 8-18 GHz microwave range. The installation is in the form of a portal with elements arranged in mirror symmetry relative to the plane passing through the center and oriented parallel to the yz plane. The studied dielectric object 1 is located in the space between the sides of the installation, i.e. in the studied zone 2.
When performing experiments in the space lines connecting the receiver-transmitter pairs we measured the elongation of the optical path caused by the presence of the dielectric object in the studied zone. The elongation of the optical path was calculated from the shift in the principal maximum of the inverse Fourier transform [1] of the measured field for each transmitter-receiver pair:
where l is the elongation of the optical path; A r,t F (l) is the field amplitude of the inverse Fourier transform for each rth receiver and each tth transmitter; A r,t k and A r,t k,0 are the complex amplitudes of the measured fields on an rth receiver from a tth transmitter at a kth frequency, with and without the object in the studied zone, respectively; ϕ r,t k,0 is the phase of the measured field on an rth receiver from a tth transmitter on a kth frequency; f k is the kth frequency of the set; c is the speed of light.
The transmitter array and the receive antenna located on different sides of the studied area form a tomographic projection. Geometrically, this projection is a pyramid with the receive antenna in the apex and the transmitter array in the base (the dashed lines in Fig. 1 show two tomographic projections). The elongation of the optical path calculated for the respective receiver-transmitter pair within a single transmitter array is recorded in each tomographic projection. The configuration of the experimental setup involved measuring the complex amplitudes of the electromagnetic field at 6 receive antennas which corresponded to 6 tomographic projections.
The underlying idea of the tomographic method is in reconstructing f(x, y), i.e. the density distribution function (or distribution of any other quantity) in the plane [3] . The initial data are sets of Radon images {Rϕ(s)} that are projections of the functions f(x, y) on the set of the corresponding straight lines {s} in the xy plane, forming the angles ϕ i with the axis x (i is the number of a projection). A set of functions that are reciprocal projections of {Rϕ(x, y)} is then calculated from the set of Radon images. This projection Rϕ(x, y) is a function of two variables (x, y) repeating the corresponding Radon image Rϕ(s) in any section by a plane parallel to the straight line s. The summary projection
is found from a set of reciprocal projections. The function S(x, y) is the function f(x, y) reconstructed from Radon images. Eq. (2) holds only for an infinite number of Radon images, which is impossible to realize in practice. This problem is solved by a procedure of discrete-sampling Eq. (2), which results in reciprocalprojection integration around the angle ϕ (an angle with the x axis) becoming summation:
where N is a finite number of Radon images. For the finite number of projections the function S(x, y) repeats the initial function f(x, y) only with certain accuracy. Similar reasoning is also valid for the general case when f(x 1 , x 2 , …, x n ) is a function of density distribution (or distribution of any other quantity) in the ndimensional space. In this case the n-dimensional space in projected on the (n−1)-dimensional one.
In our problem, the three-dimensional permittivity distribution produced by the studied object is projected in the space on a set of planes (with a two-dimensional distribution of the optical path elongation recorded for each of them) corresponding to each receiver-transmitter pair. Then the total projection S(x, y, z) and the reciprocalprojection Rϕ (x, y, z) become functions of three variables, and the Radon image {Rϕ (s)} is a projection of the three-dimensional distribution on the set of planes {s} forming the angles ϕ i with the xy plane (i is the number of a projection). Then the sought-for spatial permittivity distribution is described by the function f(x, y, z).
To facilitate the calculations, the studied zone was, as in Ref. [6] , evenly divided into unit cells of known dimensions, since the procedure of calculating the precise geometrical intersection of the straight lines containing the receiver-transmitter points from all possible directions would be extremely tedious. The number of straight lines intersecting each unit cell was calculated in advance. The sum of optical path elongations measured for each straight line intersecting the unit cell was entered in each unit cell.
Measurements, results, and their discussion
Two samples were used as objects in the conducted experiments: one made of beeswax, and one of polyvinylchloride (PVC). Their pre-measured permittivities were 2.6 ± 0.2 and 3.8 ± 0.2, respectively. Sample dimensions were 17 × 14 × 8 cm and 17 × 15 × 8 cm, respectively. Each sample was placed in the studied zone of the experimental setup in various positions relative to the receiving and transmitting elements. The complex amplitude of the electromagnetic field that had passed through a sample was measured at all receive antennas and at all frequencies. The measured field amplitudes were subjected to an inverse Fourier transform (1); then the elongation of the optical path was found from the shift in the transforms principal maximum for each receivertransmitter direction. The elongation of the optical path calculated for each receiver-transmitter pair was entered in every tomographic projection. Then the density distribution of optical elongation in the studied zone was calculated from the set of tomographic projections using the three-dimensional case (3). Finally, the permittivity distribution was calculated from the given one. Fig. 2 shows tomograms (the xz-plane cross-sections of density distributions of optical path elongation in the studied zone) for beeswax and PVC obtained using the linked cluster algorithm. This algorithm found the spatial areas in the cross-section of the tomogram that matched the position of the sample. The dimensions of the studied zone were 140 × 50 × 60 cm, and the coordinates of the zone's spatial boundaries (in cm) were from −70 to +70, from −25 to +25, from −40 to +20 in the x-, y-, z-directions, respectively. Fig. 2a shows the tomogram obtained in the conditions when the studied beeswax sample was placed in the following way: the sides of 17 × 8 cm and 14 × 8 cm were located, respectively, in the xz and yz planes, while the front face of 17 × 15 cm was in the xy plane. According to tomogram measurements, the dimensions of the sample were (18 ± 2) × (13 ± 2) × (6 ± 2) cm, which matched within the measurement error the dimensions previously obtained for the samples themselves. The permittivity value measured from the tomogram was 2.6 ± 0.5.
The tomogram in Fig. 2b shows the result of examining the PVC sample in the similar position of the object. The dimensions of the sample, according to tomogram data, turned out to be equal to (18 ± 2) × (15 ± 2) × (8 ± 2) cm, which also matched within the measurement error the previously obtained dimensions. The permittivity of the sample measured from the tomogram was 3.6 ± 0.5.
For the objects located in the space inside the studied zone with the boundary coordinates (in cm) from −30 to +30, from −15 to +15, from −25 to 0, respectively, in the x, y, z directions, the object shapes matched the actual ones, namely, rectangular parallelepipeds, and their dimensions matched the pre-determined ones (within the measurement error). However, for the objects located outside this space, e.g., in the peripheral part of the studied zone, the shapes of the objects stopped matching those of the actual ones. The sample positions (or, to be more precise, the geometrical centers of the spaces selected by the corresponding algorithm) matched the actual ones. When determining the permittivity values, the data was reproduced, but the measurement error increased. Tomographic distortions in the shape of the studied objects placed in the peripheral part of the studied zone may be attributed to two causes. Firstly, in this case, there are a small (one or two) number of intersections of lines containing points with the coordinates of receivertransmitter pairs and intersecting the unit cell. Secondly, the larger part (over 60%) of the unit cells are not crossed by any lines corresponding to a receiver-transmitter pair at all.
Conclusion
As a result of the conducted study, we developed a physical method of constructing tomographic images of dielectric objects in the microwave wavelength range. To validate the method, we assembled an experimental setup where the objects were tested. The objects were beeswax and polyvinyl chloride samples with known dimensions and permittivities. The conducted experiments proved that it is in principle possible to construct tomographic images and measure dielectric permittivity; however, we uncovered certain disadvantages connected to the lack of the necessary amount of receiving and transmitting elements and to their position. We plan to further improve the created experimental setup by introducing additional receive antennas and optimizing the arrangement of its key elements.
